Abstract. Angiogenesis is involved in the wound healing process. Increased angiogenesis and blood flow constitute a major mechanism of negative pressure wound therapy (NPWT), which has been shown to facilitate the healing of infected wounds. However, the effect on the expression of angiogensis-related growth factor remains unknown. The goal of the current study was to investigate the angiogenic factor levels prior to and following NPWT in infected wounds. A total of 20 patients with infected wounds treated with NPWT were included in the study. Patients acted as their own control; the postoperative measurements of patients were considered as the experimental group, while preoperative measurements were considered as the controlled group. Blood flow was recorded prior to and during NPWT. A total of 10 angiogensis-related growth factors were detected using a protein biochip array to analyze the change in protein levels prior to NPWT, and on the third day during NPWT. All wounds were successfully reconstructed by skin grafting or using local flaps following NPWT. NPWT resulted in significantly increased blood flow in the wound. There was a significant increase in vascular endothelial growth factor (VEGF), EGF, platelet-derived growth factor and angiotesin-2 following NPWT, while basic fibroblast growth factor decreased significantly. NPWT affects the local expression of angiogenesis-associated growth factors, which represents another mechanism to explain how NPWT accelerates wound healing.
Introduction
Wound healing and the management of difficult-to-treat wounds have been the focus of traumatology departments, particularly the infected wound. It has been well recognized that negative pressure wound therapy (NPWT) accelerates wound healing. The NPWT device included a section of foam placed in the wound and covered with an occlusive dressing (1) . The functions of NPWT include resolving infection, completing wound debridement, reducing the time required to produce a healthy granulation bed and increasing wound contraction (2) . Although extensive research has been performed to investigate the mechanisms of action by which NPWT increases the rate of healing, and its probable beneficial effects in various basic and clinical circumstances, the molecular mechanism of NPWT has rarely been reported to interpret this phenomenon A crucial link of how the NPWT system promotes wound healing mainly focuses on the increased blood supply. Angiogenesis is a complex process, which is controlled and regulated by angiopoietin and anti-angiogenesis factors. Various growth factors, including vascular endothelial growth factor (VEGF), fibroblast growth factors (acidic and basic FGFs) and angiopoietin are involved in neovascularization (3) . The angiogenesis-associated growth factors that essentially contribute to the maturation, stabilization and remodeling of the vasculature were hypothesized to be differentially expressed following treatment with a NPWT system in an infected wound.
In order to detect the expression of these angiogenesis-associated growth factors, a protein biochip array technique was used, which was constructed on the surface of a biochip. A carrier component transports the biochips to different treatment stations within the analyzer, and following ligand binding, a chemiluminescent signal is produced, which is measured by a charge-coupled camera device and quantified by imaging software (4) . To the best of our knowledge, this is the first study in which a protein biochip array technology has been used to detect the molecular mechanism of the NPWT system. necrotic soft tissue excisions. Spaced holes were drilled in the exposed bone and necrotic exposed tendons were excised. Following a proper debridement, patients were administered with a NPWT foam under a continuous pressure of -125 mmHg (all materials from VSD Medical Technology Co., Ltd., Wuhan, China), no layer of protection was used between the foam and the wound. Various antibiotics, according to a drug sensitivity test, were used until the infection had been controlled. All wounds were finally covered following a number of VSD dressing renewals when a clean, red granulating wound bed was achieved. A full-thickness skin graft or a local transposition flap was selected as a final covering based on the situation of granulation tissue and exposed deep tissue. The study was approved by the local ethical committee (approval no. 2011059, Zhongnan Hospital of Wuhan University, Wuhan, China).
Following primary debridement and on the third day during NPWT, a Laser Doppler Blood Perfusion imager (Perimed Ltd., Beijing, China) and PeriScan PIM 3 system (Perimed Ltd.) was used to scan the blood flow of each wound, and the PIMsoft software (version 1.5; (Perimed Ltd.) was used to analyze the blood flow on the scanned images. At the same time, a 3x5x5 mm granulation tissues sample in the centre of each wound was collected. Then all samples were maintained at -80˚C until analyzed.
Proteomic analysis. Quantbody human angiogenesis antibody array 1 (RayBiotech Inc., Norcross, GA, USA) was used to assay the samples mentioned previously, 10 angiogenesis-associated growth factors, including angiogenin, angiotesin-2 (ANG-2), EGF, heparin-binding EGF-like growth factor (HB-EGF), leptin, bFGF, placenta growth factor (PIGF), VEGF, platelet-derived growth factor (PDGF) and hepatocyte growth factor (HGF) were detected in the current study. Samples of granulation tissues were treated consulting the specification of biochip array used. The protein array was performed following the user manual (version July 2010).
Statistical analysis.
Results are expressed as the mean ± standard deviation and were compared by analysis of variance. Values of each angiogenesis factor expression level and blood flows pre-primary debridement and three days later were compared. Data were analyzed with the SPSS 17.0 (SPSS. Inc., Chicago, IL, USA) software. P<0.05 was considered to indicate a statistically significant difference.
Results
Outcomes of wound repair. No complications were noted regarding NPWT. Following NPWT, all patients presented with a clean, red, granulating wound bed and successful reconstruction had been achieved by skin grafting (15 patients) or using local flaps (5 patients). The average wound healing time was 31 days (range, 21-44 days). The number of dressing changes was between 1 and 4, with an average of 1.8 times.
Wound blood flow. All wounds were scanned using the PeriScan PIM 3 system, and an image of each wound was captured ( Fig. 1) . A mean quantitative value of blood flow in the whole wound was calculated by PIMsoft software (Table I) . A marked boost of blood flow was observed following NPWT, the mean blood flow prior to NPWT was 63.38±15.09; and on the third day this increased statistically to 297.13±54.67 during NPWT (P<0.001).
Protein biochip array analysis. The granulation tissue samples collected prior to and on the third day during NPWT, were observed to detect the changes in the expression level of the factors mentioned on the biochip array. Examples of the array are shown in Fig. 2 . When angiogenesis factors were compared pre-and during NPWT therapy, an increase was observed in the protein levels of angiogenin, EGF, ANG-2, hepatocyte growth factor (HGF), PDGF, VEGF and PIGF; however, significant variations only occurred in ANG-2 (P=0.001), EGF (P=0.000), PDGF (P=0.018) and VEGF (P=0.000). In addition, the levels of bFGF significantly decreased (P=0.007). The expression levels of HB-EGF and leptin were too low to measure the variation following NPWT (Fig. 3 ).
Discussion
A complex soft tissue defect wound is difficult to manage. Application of NPWT has been shown to exhibit a marked A B C D effect on promoting wound healing (5) . Earlier in vivo studies of wound healing showed that NPWT improved removal of edema fluid and increased blood flow, granulation tissue formation and bacterial clearance in wounds (6,7). Lee et al (8) reported that NPWT application produces successful surgical reconstruction for large, deep skin and soft tissue defects without extensive radical flap surgery or loss of skin graft. In the current study, no complications were observed and high quality granulation tissue was achieved in each patient. Less local flaps were required during NPWT therapy, the wounds repaired using local flaps were one third of those that recieved skin grafting, and the success rate of the skin grafts were 100%, due to the several advantages, including stabilizing the skin graft and preventing the collection of fluid under the skin graft (9) . The current study suggests that the increase of vasculogenesis and angiogenesis may be a significant effect of NPWT. Increased blood supply enhances the migration of inflammatory cells in and around the wound. Previous studies focus on the effect of angiogenesis-related factors during vasculogenesis and angiogenesis. These factors act on endothelial cells within blood vessels around the injured tissue leading to the sprouting of new capillaries to perfuse the wound tissue. These capillaries function to mobilize a diverse collection of cell types into the peripheral blood and promote angiogenesis, either by directly incorporating into neovasculature or indirectly by serving as an additional source of angiogenic growth factors/cytokines. In addition, they have been show to exhibit direct effects on keratinocytes (10,11). Jacobs et al (12) used an in vivo application of the vacuum-assisted closure foam with negative pressure, which resulted in increased growth factor production, improved angiogenesis and collagen deposition. However, no previous study has used system to explore these cytokines following NPWT. The ability to detect a number of factors at once may have been problematic previously; however, protein chip detection has been broadly used in various fields (13) due to its advantages of high sensitivity, simultaneous detection of multiple protein expression levels, and ease of use. The use of a protein biochip array in the current study may provide a novel insight into molecular events, which may improve wound healing. VEGF, a mitogenic factor, which acts on endothelial cells, is crucial in vasculogenesis and angiogenesis (14) , and is regarded as one of the most important molecules involved in the process of angiogenesis (15) . Labler et al (16) reported that the levels of VEGF in wound fluid were significantly higher in patients treated with NPWT compared with those treated with gauze. Our previous study showed an increase in VEGF levels using NPWT compared with a traditional gauze treatment (17) . In addition, in this study significantly higher levels of VEGF were observed in the wound following NPWT.
ANG-2 is an angiogenic factor associated with maturation, stabilization and remodeling of vasculature (18) , and promotion of endothelial cell survival (19) . Shyu et al (20) , observed a synergistic effect of angiopoietin and VEGF in promoting angiogenesis. This effect was implicated in the FOXC2-Ang2 signaling system, which is crucial for controlling vascular function (21). It has not been previously reported whether angiopoietin-2 levels alter following NPWT; however, in the current study, a significant increase was observed following NPWT.
PDGF is a co-factor that acts with VEGF to generate stable angiogenesis (22) , and it has been reported to stimulate and enhance novel tissue formation in bone and soft tissue models (23) . Combination of Ang-2 and PDGF may increase urokinase plasminogen-activator receptor expression (24) , which is significant in the signaling pathways involved in wound healing. Shah et al (25) observed that the application of growth factors, such as PDGF, may aid in the healing of chronic, non-healing wounds. EGF is secreted by platelets, macrophages and fibroblasts, which act in a paracrine manner on keratinocytes (26) . An in vitro study has shown that EGF was upregulated following acute injury, thus significantly accelerating reepithelialization (27) . EGF and transforming growth factor β (TGF-β) increase the tensile strength of the wound (28) . PlGF, an angiogenic mediator promoting pathophysiological neovascularization, is expressed during cutaneous wound healing (29) . The diabetic mouse model of Erba et al (30) indicated that the NPWT device was associated with a significant activation of the wound, expression of PDGF and EGF, superior granulation tissue formation rich in collagen I, as well as superior wound epithelialization. Shah et al (25) found that the application of growth factors, including PDGF may aid in the healing of chronic, non-healing wounds. In the current study, all three cytokines were expressed at elevated levels following NPWT, however the increase of PIGF was not identified to be statistically significant. A study period longer than three days may demonstrate a significant increase in PIGF due to its involvement in improving in wound closure by enhancing angiogesis (29) . A similar trend was observed with angiogenin, a plasma protein with angiogenic and ribonucleolytic activity implicated in wound healing. Further studies are required to investigate the lack of significant difference in the present study.
HGF is a multifunctional cytokine that is capable of stimulating multiple intracellular signaling pathways to induce a marked variety of biological activities in a wide spectrum of cell types. HGF stimulates migration and proliferation of keratinocytes and has been suggested to be involved in wound healing (31) . Chen et al (32) also observed that HGF exhibits a potential role in reepithelialization and cilium hyperplasia. However, in the current study HGF levels were not identified to be significantly different following NPWT, however it remained at a high level and exhibited a rising tendency.
Leptin is a recently identified cell factor, which promotes novel angiogenesis, and modulates inflammatory and immune function (33). Murad et al (34) reported that leptin is acutely upregulated in the injured skin, and proposed that this local production of leptin serves a critical functional role as an autocrine/paracrine regulator of normal wound healing. A burn wound rat model suggested that topical application of leptin promotes reepithelization to shorten the wound healing time (35) . An animal study by Kim et al (36) indicated that HB-EGF is involved in the wound-healing process. HB-EGF may reduce the required frequency of EGF application since it may cause prolonged EGFR signaling when immobilized in the wound (37) . To the best of our knowledge, the current study was the first to demonstrate the influence of NPWT on leptin and HB-EGF; however, the results showed a low expression level and the changes were not significant. This may indicate that NPWT has less influence on leptin and HB-EGF.
As a single polypeptide, bFGF is one of the 22 members of the FGF family and is produced by a variety of cell populations, mainly by activated macrophages and thrombocytes (38) . bFGF is involved in a number of physiological and pathophysiological processes, including growth, wound and bone healing, cell differentiation and proliferation. Local administration of bFGF in skin flaps markedly increased tissue viability and accelerated the wound healing process (39). Jacobs et al (12) designed an animal model in which NPWT led to increased expression of VEGF and bFGF in the first 5 days. However, in the current study, bFGF was observed at low levels on the third day during NPWT. A clinical phenomenon may indicate that incipient granulation tissue under NPWT easily collapses if the negative pressure is removed. The granulation tissue may lack collagen, which is not generated without bFGF. It perhaps performs at a higher level in the later phase during NPWT, thus, the tendency of bFGF under NPWT is hypothesized to increased following initial decrease. To the best of our knowledge, this is the first study to report this, thus, further studies are required to confirm this mechanism.
In addition, the angiogenesis-associated growth factors were not individually involved in angiogenesis, but interacted with and activated each other to promote angiogenesis. For example, in a study by Ko et al (40) , VEGF enhanced neoangiogenesis, however, this was not effective on the maturation of organized reepithelization. The neoangiogenesis induced by EGF was not dominant, but did enhance the maturation of organized reepithelization. The key ability of bFGF is to induce angiogenesis via stimulation of VEGF expression (41) . There are a number of studies of this, however these require further investigation. Investigation of the association and effects in disparate wounds and different phases may indicate whether angiogenesis modulation is involved in combined wound therapy.
The cause of these changes in the angiogenesis-associated growth factor levels and the underlying mechanisms were not mentioned in the current study. Quinn et al (42) showed that mechanical stretching regulates VEGF and bFGF gene expression in cultured pulmonary artery smooth muscle cells; however, the specific mechanisms remain unclear. The authors hypothesize that further research may provide an explanation. The factors detected in the current study are limited, as a number of other cytokines, including interleukin, TGF-β, insulin-like growth factor (IGF), GM-CSF, matrix metal proteinase 9 (MMP-9) are also involved in wound angiogenesis. Whether these cytokines are expressed differently under subatmospheric pressure also requires further investigation.
In conclusion, NPWT therapy can promote wound healing, and the mechanism may include: significantly increasing blood flows, and significant increases in VEGF, EGF, PDGF, ANG-2 and decreased bFGF after NPWT therapy. However, how these angiogenesis-associated growth factors act under subatmospheric pressure in wounds also requires further investigation.
